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TITLE OF THE INVENTION

MICRO-LENS BUILT-IN VERTICAL CAVITY SURFACE EMITTING LASER

CROSS-REFERENCE TO RELATED APPLICATIONS

[0001]  This application claims the benefit of Korean Application No. 2000-61983, filed
October 20, 2000, in the Korean Industrial Property Office, the disclosure of which is

incorporated herein by reference.
BACKGROUND OF THE INVENTION
1. Field of the Invention

[0002] The present invention relates to a micro-lens built-in vertical cavity surface emitting
laser (VCSEL) in which a micro-lens is formed on a laser beam emitting surface of the
VCSEL, and more particularly, to a micro-lens built-in VCSEL capable of emitting a parallel

light beam.

2. Description of the Related Art

[0003] In general, VCSELs emit a light beam in a direction of a semiconductor material
layer stack, and thus it is easy to optically combine VCSELs with another optical element
and to assemble the VCSELs into an apparatus. In addition, the VCSELSs can also be
manufactured to have a two-dimensional array structure. Thus, the VCSELs can be widely
applied as light sources in optical transmission systems for applications such as optical
communications or interfacing using optical signals, and in optical recording/reproducing

optical heads.

[0004] Referring to FIG. 1, a conventional VCSEL includes a substrate 10, a lower
reflector 11, an active layer 12, a high-resistance region 13 and an upper reflector 14 which

are sequentially stacked on the substrate 10, an upper electrode 16 formed on a portion of



the upper reflector 14 excluding a window 18 through which a laser beam is emitted, and a

lower electrode 17 formed underneath the substrate 10.

[0005] Each of the lower reflector 11 and the upper reflector 14 is a distributed Bragg
reflector (DBR) which is formed by alternately stacking semiconductor material layers having
different refractive indexes, and having an opposite doping type. That is, the substrate 10
and the lower reflector 11 are doped with the same n-type impurities and the upper reflector

14 is doped with p-type impurities.

[0006] The high-resistance region 13 guides the flow of current passed through the upper
and lower electrodes 16 and 17 into a center of the active layer 12. The active layer 12 is a
region where light is generated by a combination of holes and electrons from the upper and
lower reflectors 14 and 11, where the combination of holes and electrons is induced by a
current applied across the upper and lower electrodes 16 and 17. Light generated in the
active layer 12 is reflected repeatedly between the upper and lower reflectors 14 and 11 and
only a light having a wavelength in accordance with the resonance condition remains, and is

emitted through the window 18.

[0007] Inthe conventional VCSEL having the aforementioned structure, the laser beam
emitted through the window 18 has a predetermined radiation angle. Thus, when such a
conventional VCSEL is adopted as a light source, for example, for an optical transmission
system using an optical cable, a condensing lens for condensing a divergent laser beam
emitted from the VCSEL is required between the VCSEL and an input terminal of the optical

cable, so as to efficiently couple the laser beam emitted from the VCSEL to the optical cable.

[0008]  As another example, when the above-mentioned conventional VCSEL is adopted
as the light source for an optical head in an optical recording/reproduction apparatus which
records information on or reproduces information from a recording medium such as an
optical disc in a non-contact manner, the optical head needs a collimating lens for
condensing a divergent laser beam emitted from the conventional VCSEL into a parallel

laser beam.



[0009] Briefly, because the conventional VCSEL emits the divergent laser beam through
the window 18, a separate condensing lens or collimating lens is needed at the light emitting
side of the VCSEL so as to construct an optical system with the VCSEL. Thus, when
constructing an optical system, a number of parts required increases and there is a need to
align the lens with a central optical axis of the laser beam emitted from the VCSEL, making

an optical alignment structure complicated.

SUMMARY OF THE INVENTION

[0010] Various objects and advantages of the invention will be set forth in part in the
description that follows and, in part, will be obvious from the description, or may be learned

by practice of the invention.

[0011] To solve the above-described problems, it is an object of the present invention to
provide an optical system including a micro-lens built-in vertical cavity surface emitting laser
(VCSEL) emitting a parallel laser beam, without including a separate condensing or a

collimating lens.

[0012] To achieve the above and other objects of the present invention, there is provided
a micro-lens built-in vertical cavity surface emitting laser (VCSEL) including: a substrate; a
lower reflector formed on the substrate; an active layer formed on the lower reflector,
generating light by a recombination of electrons and holes; an upper reflector formed on the
active layer including a lower reflectivity than that of the lower reflector; a micro-lens
disposed in a window region through which the laser beam is emitted; a lens layer formed on
the upper reflector with a transparent material transmitting a laser beam, the lens layer
including the micro-lens; an upper electrode formed above the upper reflector excluding the
window region; and a lower electrode formed underneath the substrate. The VCSEL

satisfies a following relationship:

f=Rxnl/(n2—-nl)



where fis a distance along an optical axis from a light generating region of the active layer to
a vertex of the micro-lens, R is a radius of curvature of the micro-lens, n1 is an effective
refractive index of a medium on an optical path between the light generating region and the
lens layer, and n2 is a refractive index of a region towards which a light is emitted through

the micro-lens.

[0013] Inan embodiment of the present invention, a micro-lens built-in vertical cavity
surface emitting laser (VCSEL) includes: a substrate; a lower reflector formed on the
substrate; an active layer formed on the lower reflector generating light by a recombination
of electrons and holes; an upper reflector formed on the active layer including a lower
reflectivity than that of the lower reflector; a micro-lens disposed in a window region through
which the laser beam is emitted; a lens layer formed on the upper reflector with a
transparent material transmitting a laser beam, the lens layer including the micro-lens; an
upper electrode formed above the upper reflector excluding the window region; and a lower
electrode formed underneath the substrate, wherein the window region includes a maximum
width smaller than a size of light generated in the active layer emitted towards the window
region, satisfying a Fraunhofer diffraction condition, where the Fraunhofer diffraction
condition occurring in the window region is offset by a focusing power of the micro-lens.
The maximum width of the window region D and a focal length f of the micro-lens satisfy a

relation:

D=.\2x1227f

where ) is a wavelength of the laser beam emitted from the VCSEL.

[0014]  In another embodiment of the present invention, there is provided a micro-lens
built-in vertical cavity surface emitting laser (VCSEL) including: a micro-lens disposed in a
window region through which a laser beam is emitted; a substrate including a transparent
material transmitting the laser beam, the substrate including the micro-lens; a lower reflector
formed on the substrate; an active layer formed on the lower reflector, generating light by
recombination of electrons and holes; an upper reflector formed on the active layer including
a higher reflectivity than that of the lower reflector; an upper electrode formed on the upper

reflector; and a lower electrode formed on a portion of the substrate excluding the window



region through which the laser beam is emitted. The VCSEL satisfies a following

relationship:

f =Rxnl/(n2—nl)
where fis a distance along an optical axis from a light generating region of the active layer to
a vertex of the micro-lens, R is a radius of curvature of the micro-lens, n1 is an effective
refractive index of a medium on an optical path be’dveen the light generating region and the
lens layer, and n2 is a refractive index of a region towards which a light is emitted through

the micro-lens.

[0015] In still another embodiment of the present invention, there is provided a micro-lens
built-in vertical cavity surface emitting laser (VCSEL) including: a micro-lens disposed in a
window region through which a laser beam is emitted; a substrate including a transparent
material transmitting the laser beam, the substrate including the micro-lens; a lower reflector
formed on the substrate; an active layer formed on the lower reflector, generating light by
recombination of electrons and holes; an upper reflector formed on the active layer including
a higher reflectivity than that of the lower reflector; an upper electrode formed on the upper
reflector; and a lower electrode formed on a portion of the substrate excluding the window
region through which the laser beam is emitted, wherein the window region includes a
maximum width smaller than a size of the light generated in the active layer and emitted
towards the window region, satisfying a Fraunhofer diffraction condition, where the
Fraunhofer diffraction condition occurring in the window region is offset by a focusing power
of the micro-lens. The maximum width of the window region D and a focal length f of the

micro-lens satisfy a relation:

D=.2x1227f

where L is a wavelength of the laser beam emitted from the VCSEL.

[0016] The present invention further provides for a micro-lens built-in vertical cavity
surface emitting laser (VCSEL), including a micro-lens integrally formed on a laser beam

emitting surface of the VCSEL emitting a parallel light beam.



[0017] These together with other objects and advantages, which will be subsequently
apparent, reside in the details of construction and operation as more fully hereinafter
described and claimed, reference being had to the accompanying drawings forming a part

thereof, wherein like numerals refer to like parts throughout.

BRIEF DESCRIPTION OF THE DRAWINGS

The above object and advantages of the present invention will become more
apparent by describing in detail preferred embodiments thereof with reference to the
attached drawings in which:

FIG. 1 shows an example of a conventional vertical cavity surface emitting laser
(VCSEL);

FIG. 2 shows a first embodiment of a micro-lens built-in VCSEL according to the
present invention;

FIGS. 3 and 4 show geometrical optics of the first embodiment of the micro-lens
built-in VCSEL, according to the present invention, illustrating a principle of approximately
paraliel laser beam emission from the VCSEL;

FIG. 5 shows a second embodiment of the micro-lens built-in VCSEL according to
the present invention;

FIG. 6 shows a third embodiment of the micro-lens built-in VCSEL according to the
present invention; and

FIGS. 7 and 8 illustrate a principle of approximately parallel laser beam emission
from the micro-lens built-in VCSEL according to the third embodiment of the present

invention.

DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS

[0018] A first embodiment of a micro-lens built-in vertical cavity surface emitting laser

(VCSEL) according to the present invention is shown in FIG. 2. Referring to FIG. 2, the



micro-lens built-in VCSEL according to the first embodiment of the present invention
includes a substrate 100, a lower electrode 170 formed underneath the substrate 100, a
lower reflector 110, an active layer 120, and an upper reflector 140 which are sequentially
stacked on the substrate 100, a lens layer 150 formed on the upper reflector 140, and an
upper electrode 160 formed on a portion of the lens layer 150 excluding a window region

180 through which a laser beam is emitted.

[0019] The substrate 100 may be formed of a semiconductor material, for example,
n-doped gallium arsenide (GaAs), aluminum gallium arsenide (AlGaAs), indium arsenide
(InAs), indium phosphide (InP), gallium phosphide (GaP), indium gallium phosphide (InGaP),
indium gallium arsenide (InGaAs), or gallium phosphide (GaP). Each of the lower reflector
110 and the upper reflector 140 is formed of alternating semiconductor compounds having
different refractive indexes. For example, the upper and lower reflectors 140 and 110 are

formed by alternately stacking AlGaAs layers having different refractive indexes.

[0020] For the structure as shown in FIG. 2 in which most of the generated laser beam is
emitted through the upper reflector 140, the upper reflector 140 is formed to have a relatively
lower reflectivity and the lower reflector 110 is formed to have a higher reflectivity than the
upper reflector 140. The reflectivity of the lower and upper reflectors 110 and 140 varies
depending on a number of semiconductor compound layers deposited to form the same.
Accordingly, by forming the upper reflector 140 with less material layers than used to form
the lower reflector 110, the reflectivity of the upper reflector 140 is lower than that of the
lower reflector 110. Here, if the substrate 100 is doped with n-type impurities, the lower
reflector 110 may be doped with the same n-type impurities but the upper reflector 140 is

doped with p-type impurities.

[0021] The current applied across the upper and lower electrodes 160 and 170 induces a
flow of electrons and holes, and the upper and lower reflectors 140 and 110 reflect
repeatedly light generated in the active layer 120 such that only light in accordance with the
resonance condition is emitted through the upper reflector 140. The active layer 120, a

region where light is generated by energy transition due to a recombination of holes and



electrons provided from the upper and lower reflectors 140 and 110, has a single or multiple
quantum-well structure or super lattice structure. The active layer 120 may be formed of,
for example, GaAs, AlGaAs, InGaAs, InGaP and/or AlIGaAsP according to a wavelength of a

required output laser beam.

[0022] Meanwhile, a high-resistance region 130 to guide a flow of current is further
formed in a region of the upper reflector 140. The high-resistance region 130 has an
aperture 130a at a center thereof through which the current applied through the upper
electrode 160 flows. In the alternative, the high-resistance region 130 may be formed in a

region of the lower reflector 140.

[0023] The high-resistance region 130 may be formed by implantation of ions such as
protons, or by selective oxidation. In the selective oxidation method, a pre-oxidative layer
(not shown) is deposited in the middle of the upper reflector 140 and exposed in an oxidation
atmosphere to form an insulating oxide layer as the high-resistance region, which is oxidized
from an exposed portion of the pre-oxidative layer. For illustrative purposes, the
high-resistance region 130 is formed by oxidation, which allows easy control of a size of the
aperture 1303, so that the high-resistance region 130 has better light beam guiding
characteristics. In the present embodiment, for example, the aperture 130a is formed as
small as possible such that the current applied through the upper electrode 160 passes a
region as small as possible on the active layer 120 and light is generated in the small region

(for instance, in a dot-sized region) of the active layer.

[0024] As described above, when the VCSEL, according to the first embodiment of the
present invention, is designed such that the light is generated in a region as small as
possible on the active layer 120, the light generating region may be ideally a dot-sized
region. In this case, the light going toward the lens layer 150 from the light generating

region is approximately diverging light originating from the dot-sized light generating region.

[0025] The lens layer 150 has a predetermined thickness, for example, of several

micrometers and may be deposited on the upper reflector 140. For instance, the lens layer



160 is formed of a material having a relatively wide bandgap to the wavelength of the laser
beam generated from the VCSEL, so as not to absorb, but transmit and emit the laser beam
through the upper reflector 140. In addition, when the lens layer 150 is formed directly on
the upper reflector 140, the lens layer 150 may be formed of a material capable of lattice

matching with the material of the upper reflector 140.

[0026] For example, if the VCSEL is designed to emit a laser beam having a wavelength
between 500 nm and 900 nm, the lens layer 150 may be formed of InGaP. Here, a
composition ratio of In and Ga may be varied according to the wavelength of the desired
output laser beam, which has a wavelength of, for example, 850 nm, 780 nm, or 660 nm.
Alternatively, if the VCSEL is designed to emit a laser beam having a wavelength of about
980 nm, the lens layer 150 is formed of GaAs. In addition, according to the wavelength of
the output laser beam from the VCSEL, the lens layer 150 may be formed of at least one
material selected from silicon and a IlI-V compound semiconductor including InP, GaAs,

InAs, GaP, InGaP, and InGaAs.

[0027] A micro-lens 155 is integrally formed on the window region 180 of the lens layer
150 through which the laser beam is emitted. While passing through the lens layer 150, the

laser beam is condensed by the micro-lens 155 and emitted.

[0028] The micro-lens 155 is formed by diffusion-limited etching. In particular, an etch
mask (not shown) having an opening is formed on the lens layer 150 and immersed in a
chemical etching solution containing an appropriate concentration of etchant, such as
bromine (Br,), for inducing diffusion-limited etching with respect to a material of the lens
layer 150, for a predetermined period of time. As a result, a portion of the lens layer 150
which is exposed through the opening of the etch mask is etched by a difference in spatial
etching rate of the lens layer 150 caused by diffusion of the etchant, for example, Br,
contained in the chemical etching solution, thereby resulting in the micro-lens 155 having a

convex surface.



[0029] A method of manufacturing the micro-lens 155 according to the present invention
by diffusion-limited etching is disclosed in U.S. Patent Application No. 09/504,912
(February 16, 2000) filed by the present applicant, entitied “Micro-lens, Combination
Micro-lens and VCSEL, and Methods for Manufacturing the Same.” Thus, a detailed

description of the manufacturing method is incorporated herein by reference.

[0030] The upper electrode 160 may be formed on the lens layer 150 or between the
upper reflector 140 and the lens layer 150. FIG. 2 illustrates an example where the upper
electrode 160 is formed on the lens layer 150. In this instance, the lower electrode 170 is

formed underneath the substrate 100.

[0031] Further, the window 180 of the VCSEL according to the first embodiment of the
present invention, has a maximum width greater than the aperture 130a of the
high-resistance region 130. As shown in FIG. 2, the upper electrode 160 and the micro-lens
155 define the width of the window 180.

[0032] Inthe VCSEL according to the first embodiment of the present invention, for
illustrative purposes, a distance along an optical axis from the light generating region of the
active layer 120 to a vertex of the micro-lens 155 is approximately equal to a focal length of
the micro-lens 155. That is, if fis a distance along the optical axis from the light generating
region of the active layer 120 to the vertex of the micro-lens 155, R is a radius of curvature of
the micro-lens 155, n1 is an effective refractive index of a medium on the optical path
between the light generating region and the lens layer 150, i.e., of the upper reflector 140
and the lens layer 150, and n2 is a refractive index of a region toward which the laser beam
is emitted through the micro-lens 155, i.e., the air. Thus, the VCSEL, according to the first

embodiment of the present invention, is manufactured to satisfy a formula (1):

f =Rxnl/(n2-nl) (1)

10



[0033] Accordingly, the micro-lens 155 is formed as an approximately plano-convex lens
having a focal point in the light generating region of the active layer 120, and thus an
approximately paralle! laser beam is emitted from the VCSEL, according to the first

embodiment of the present invention.

[0034] Inthe VCSEL, according to the first embodiment of the present invention having
the configuration as described above, as a forward biased current is applied to the VCSEL
through the upper and lower electrodes 160 and 170, the applied current is guided into the
narrow center region of the active layer 120 by the high-resistance region 130, and the
electrons and holes from the upper and lower reflectors 140 and 110 are recombined in a
narrow center region to generate light. The generated light is reflected repeatedly between
the upper and lower reflectors 140 and 110 and thus, only light having a particular
wavelength (a laser beam consequently to be emitted) in accordance with the resonance
condition remains, and is amplified and transmitted through the upper reflector 140. The
transmitted laser beam, as a divergent beam, is condensed by the micro-lens 155 while

passing the lens layer 150, so that a parallel laser beam is emitted.

[0035] In view of the characteristic of the VCSEL, in accordance with the present
invention, the parallel laser beam emitted from the VCSEL has a size of about several to
tens of micrometers, for example, a size of 15 micrometers. Thus, when the VCSEL
according to the present invention is adopted in an optical communication system employing
an optical fiber, an optical coupling between the VCSEL and the optical fiber can be
sufficiently realized. Thus, there is no need for a separate ball lens (not shown) for optical
coupling between the light source and the optical fiber. That is, a single mode optical fiber
has a minimum core diameter of 10 micrometers and a multiple mode optical fiber has a
minimum core diameter of tens of micrometers, for example, 62.5 micrometers. Because
the VCSEL, according to the present invention, emits a parallel laser beam of about 15
micrometers, the parallel laser beam emitted from the VCSEL can be coupled with the

optical fiber with high efficiency without need for a separate optical coupling lens.

11



[0036] When the VCSEL, according to the present invention, is applied to an optical
system such as an optical head that uses a parallel light beam, there is an advantage that no
collimating lens is required, unlike the conventional VCSEL. In addition, when the VCSEL,
according to the present invention, is adopted to transmit and receive an optical signal
through free space, no separate condensing lens is needed and the degree of freedom of
the distance between light traqsmitting and receiving portions increases. Thus, the optical
structure is simple and optical alignment is easy. Furthermore, the VCSEL and/or a light

detecting element can be arranged in arrays with compactness.

[0037] The principle of parallel laser beam emission from the VCSEL according to the first
embodiment of the present invention, which satisfies formula (1) above will now be
described with reference to FIGS. 3 and 4. FIGS. 3 and 4 show geometrical optics of the
structure of the VCSEL, according to the first embodiment of the present invention.
Referring to FIG. 3, assuming that S1 is a distance from the light generating region of the
active layer 120, i.e., a first focal point O, to a vertex of the micro-lens 155 on the optical
axis, S2 is a distance from the vertex of the micro-lens 155 to a second focal point of the
micro-lens 155, n1 is an effective refractive index of a medium ranging from the light
generating region to the lens layer 150, i.e., of the upper reflector 140 and the lens layer
150, and n2 is a refractive index of a region toward which the light beam emitted through the
micro-lens 155 travels, i.e., of the air, the structure of the VCSEL according to the first

embodiment of the present invention of FIG. 3 satisfies a formula (2):

nl/S1+n2/82=m2-nl)/R 2

[0038] Here, n2, the refractive index of the air, is about 1.0. In order for the micro-lens
155 to condense a divergent light beam generated in the active layer 120 into a paralle! light
beam, as shown in FIG. 4, distance S2 should be infinite. Thus, if S2 is set as infinity and

S1 is replaced by fin formula (2), a first focal length ffor infinite S2 becomes the same as

12



that expressed as formula (1) above. The VCSEL, according to the first embodiment of the

present invention, which satisfies formula (1) can emit an approximately parallel laser beam.

[0039] FIG. 5 shows a second embodiment of the micro-lens built-in VCSEL according to
the present invention. The VCSEL of FIG. 5 is designed to emit a parallel laser beam
based on the same principle as applied to the VCSEL according to the first embodiment of
the present invention described above. The VCSEL of FIG. 5 differs from the VCSEL
according to the first embodiment in that it is a bottom emitting type. In FIG. 5, the same
reference numerals as those of FIG. 2 represent elements having the same functions as

corresponding elements of FIG. 2, and thus descriptions thereof are not provided here.

[0040] Referring to FIG. 5, the micro-lens built-in VCSEL, according to the second
embodiment of the present invention, includes a substrate 200, a lower reflector 210, an
active layer 120, and an upper reflector 240 which are sequentially stacked on the substrate
200, an upper electrode 250 formed on the upper reflector 240, and a lower electrode 270
formed on a portion of the bottom of the substrate 200 excluding a window region 280
through which a laser beam is emitted. To emit a laser beam through the substrate 200, the

lower reflector 210 is formed having a smaller reflectivity than the upper reflector 240.

[0041] When a number of stacked layers of the lower reflector 210 is smaller than that of
the upper reflector 240, the reflectivity of the lower reflector 210 is lower than that of the
upper reflector 240.  Accordingly, most of the laser beam is emitted through the lower
reflector 210.  Except for a number of stacked layers of each of the upper and lower
reflectors 240 and 210, materials used for and the stacked structures of the upper and lower
reflectors 240 and 210 are substantially the same as those of the first embodiment of the
VCSEL according to the present invention, and thus detailed descriptions thereof are not

provided here.

[0042] Similar to the lens layer 150 (see FIG. 2) described in the first embodiment of the
present invention, the substrate 200 may be formed of a material having a relatively wide

bandgap to a wavelength of the laser beam generated from the VCSEL, so as not to absorb
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but transmit the laser beam incident from the lower reflector 210. For example, if the
VCSEL is designed to emit a laser beam having a wavelength of 980 nm, the substrate 200
may be formed of GaAs. A micro-lens 205 is formed in the window region 280 of the
substrate 200 through which the laser beam is emitted. Accordingly, the lower electrode
270 and the micro-lens 205 define the window region 280. The micro-lens 205 is formed by

diffusion-limited etching as in the first embodiment of the present invention.

[0043] Assuming that R’ is a radius of curvature of the micro-lens 205, n1’ is an effective
refractive index of the medium along the optical path between the light generating region of
the active layer 120 and the micro-lens 205, i.e., of the lower reflector 210 and the substrate
200, and n2' is a refractive index of a region toward which the laser beam emits through the
micro-lens 205, f' is a distance from the light generating region to the vertex of the
micro-lens 205 along the optical axis, like the VCSEL according to the first embodiment of
the present invention, the VCSEL according to the second embodiment of the present

invention is manufactured to satisfy the formula:

f'=R'xnl'/(n2'-nl")

[0044] In the micro-lens built-in VCSEL, according to the second embodiment of the
present invention, having the configuration above, as a forward biased current is applied to
the micro-lens built-in VCSEL through the upper and lower electrodes 260 and 270, the laser
beam having a particular wavelength through laser oscillation is transmitted through the
lower reflector 210 and the substrate 200. The transmitted laser beam is condensed by the

micro-lens 205 and emitted as an approximately parallel laser beam.

[0045]  The micro-lens built-in VCSELSs, according to the second embodiment of the
present invention described above, are designed such that the first focal point of the
micro-lens 155 (205) is positioned in the light generating region of the active layer 120, so

that the light beam generated in a narrow light generating region, for instance a spot-sized
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region, is incident on and condensed by the micro-lens 155 (205), and is emitted as a

parallel light beam.

[0046] FIG. 6 shows a third embodiment of the micro-lens built-in VCSEL according to the
present invention. In FIG. 6, the same reference numerals as those of FIG. 2 represent
elements having the same functions as or similar functions to corresponding elements of

FIG. 2; thus, descriptions of the elements are not provided here.

[0047] The micro-lens built-in VCSEL, according to the third embodiment of the present
invention, includes a window 380 having a diameter (D) satisfying a Fraunhofer diffraction
condition. Here, the Fraunhofer diffraction of the window 380 is offset by a focusing power

of the micro-lens 355 such that a parallel laser beam is emitted through the micro-lens 355.

[0048] In this case, for instance, a relation between a diameter D of the window 380 and

the focal length f of the micro-lens 355 satisfies formula (3):

D=2x122if )

" where ) is the wavelength of the laser beam emitted from the VCSEL according to the third

¥ embodiment of the present invention.

[0049] The diameter D of the window 380, for instance, is smaller than or approximately

equal to a diameter of the aperture 330a of a high-resistance region 330. In the present
embodiment, for instance, the aperture 330a of the high-resistance region 330 has a
diameter greater than the aperture 130a of the first and second preferred embodiments

according to the present invention.

[0050] in this case, light is generated in a wider region of the active layer 120 than the
light generating region of the first and second embodiments of the present invention, and the
generated light going toward the window 380 is almost parallel light, compared to the laser

beams from the VCSELSs of the first and second embodiments of the present invention.
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Thus, the Fraunhofer diffraction condition can be satisfactorily applied in the present

embodiment.

[0051] Formula (3) above is obtained under an assumption that the window 380 and the
micro-lens 355 are positioned on a same plane. Thus, if the window 380 and the micro-lens
355 are not positioned on the same plane, it is enough to correct the focal length f value with

a distance between the window 380 and the micro-lens 355.

[0052] The principle of parallel laser beam emission from the third embodiment of the
micro-lens built-in VCSEL according to the present invention will now be described.
Referring to FIG. 7, the smaller the diameter D of the window 380, the greater the diffraction
of the laser beam passing through the window 380. If the size of the window 380 is small
enough and a distance d from the circular window 380 to an observing plane S is large
enough, a #resnel number N satisfies formula (4), so that the Fraunhofer diffraction

condition is satisfied:

2

D
=—x<x1 4
: (4)

Here, according to the present invention, an observing plane S is one focal point of the

micro-lens 355.

[0053] The third embodiment of the VCSEL, according to the present invention, has the
window 380 having the diameter D satisfying the Fraunhofer diffraction condition of N; << 1.
The Fraunhofer diffraction pattern formed by the laser beam passing through the window
380 becomes an Airy pattern. For these diffraction patterns of concentric circles, the
0™-order diffracted beam positioned at the center of the patterns viewed from an observing
plane S has the greatest intensity, and a radius R, of the 0"-order diffracted beam is

expressed as:
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(5)

[0054] As shown in FIG. 8, in the VCSEL according to the third embodiment of the
present invention, the micro-lens 355 may be positioned in front or behind the window 380.
Alternatively, the micro-lens 355 and the window 380 may be positioned on a same plane.
For easy understanding of the principle and for convenience of illustration, the micro-lens

355 is illustrated as being in front of the window 380 in FIG. 8.

[0055] If the micro-lens 355 and the window 380 are positioned on the same plane and
only the 0"-order diffracted beam having a high intensity is considered. The radius R, of the
beam at the observing plane S positioned at one focal point separated by the focal distance f

of the micro-lens 355 from the window 380 is expressed as:

1220

R,
D

(6)

[0056] To emit a laser beam appearing to be parallel at the observing plane S, a diameter
(2Rs) of the 0™-order diffracted beam at the observing plane S and the diameter D of the
window 380 should be the same, i.e., Rs = D/2. Substituting the relation of Rs = D/2 into
formula (6), the relation between the diameter D of the window 380 and the focal length f of

the micro-lens 355 is established as expressed by formula (3) above.

[0057] As described in the present embodiment of the present invention, when the
window 380 is formed having a size satisfying the Fraunhofer diffraction condition, the
Fraunhofer diffraction occurring in the window 380 is offset by the focusing power of the
micro-lens 355, so that a parallel laser beam can be emitted from the VCSEL. In particular,
when the window 380 and the micro-lens 355 are formed to satisfy formula (3) above, the
effect of emitting the parallel beam from the VCSEL according to the third embodiment of the

present invention can be maximized.
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[0058] Even when the VCSEL, according to the third embodiment of the present
invention, has the window 380 and the micro-lens 355 which are not positioned on the same
plane, formula (3) above can be applied to design the diameter D of the window 380 and the
focal length f of the micro-lens 355. In this case, although a ratio of the paraliel beam
component with respect to the laser beam emitted from the VCSEL according to the third
embodiment of the present invention slightly decreases compared to the two embodiments
described above, if a degree of the reduction is allowable, the VCSEL can be applied to an
optical system that needs a parallel beam. As described above, when the window 380 and
the micro-lens 355 are not positioned on the same plane, the focal length f of formula (3)
above is corrected by adding the distance between the window 380 and the micro-lens 355

to or substituting the same from the original focal length of the micro-lens 355.

[0059] When the VCSEL according to the third embodiment of the present invention
described above, for example, emits a laser beam having a 850-nm wavelength and has a
micro-lens having a 1-mm focal length, a parallel laser beam can be emitted from the

VCSEL by forming the window having a diameter of 45.54 micrometers.

[0060]  Although the window 355 is described and illustrated as a circular form having the
diameter D, the shape of the window 355 may be varied. If the window 355 is formed as a
non-circular form, D described as the diameter above corresponds to a maximum width of

the non-circular window.

[0061] Although the VCSEL of FIG. 6 is illustrated as a top-emitting type VCSEL,
corresponding to the VCSEL of FIG. 2, it will be appreciated that the principle of the third
embodiment of the present invention can be applied to a bottom-emitting type VCSEL as
shown in FIG. 5. A description and illustration of the bottom-emitting type VCSEL based on

the principle of the third embodiment is not provided here.

[0062] The micro-lens built-in VCSELSs, according to the present invention described
above, emit an approximately parallel laser beam. Therefore, when the VCSELs, according

to the present invention, are applied to an optical transmission system in the optical
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communications field using optical fiber or in the interface field using an optical signal, or to
an optical system such as an optical head for a recording/reproduction apparatus, a
separate condensing lens or collimating lens may be omitted. Thus, the optical alignment

structure is simple, so that the optical system production cost is markedly reduced.

[0063] While this invention has been particularly shown and described with reference to
preferred embodiments thereof, it will be understood by those skilled in the art that various
changes in form and details may be made therein without departing from the spirit and scope

of the invention as defined by the appended claims.
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